Abstract|Previous numerical studies based on the Landau-Lifshitz-Gilbert (LLG) equation have considered the magnetization reversal of a uniaxial, singledomain particle due to an applied eld pulse with a short rise time. When the LLG damping constant < 1, these studies have observed coherent switching for applied eld magnitudes below the StonerWohlfarth limit. The switching eld computed in these studies decreases as ! 0, with apparent convergence to a limiting value. In this paper, analytic methods determine the value of the switching eld in the zero-damping limit for an applied eld pulse with zero rise time. The model considered in this paper is the same one previously investigated by He, Doyle, and Fujiwara 1]. In a Cartesian coordinate system with base vectorsx;ŷ, andẑ, consider a uniaxial, single-domain particle with its easy axis parallel toẑ. Let the particle magnetization M be uniform with magnitude M s (A/m). The anisotropy of the particle is represented by an e ective eld, When t r is large, so that the external eld pulse is applied slowly, the particle magnetization will respond so as to keep an equilibrium value. A transition from two equilibria to one equilibrium is required for magnetization reversal. Thus, the external eld pulse causes a reversal of the particle magnetization only when h z < 0 and h 
The model considered in this paper is the same one previously investigated by He, Doyle, and Fujiwara 1] . In a Cartesian coordinate system with base vectorsx;ŷ, andẑ, consider a uniaxial, single-domain particle with its easy axis parallel toẑ. Let When t r is large, so that the external eld pulse is applied slowly, the particle magnetization will respond so as to keep an equilibrium value. A transition from two equilibria to one equilibrium is required for magnetization reversal. Thus, the external eld pulse causes a reversal of the particle magnetization only when h z < 0 and h is the gyromagnetic ratio and is a dimensionless phenomenological damping parameter. During the interval t r < t < t r + H , the external eld pulse has the constant value h a , and the rate of energy dissipation is dw dt = ?h T dm dt = ? h T m dm dt : (6) Only the second term of (5), the damping term, contributes to the energy dissipation rate. The rate of energy dissipation can be controlled by selecting the value of the damping parameter . When the values of both and t r are small, the increase in magnetic energy due to the application of the external eld pulse outpaces the dissipation of energy and the trajectory of m is not con ned to equilibrium values. Solutions to (5) Stoner-Wohlfarth analysis computes the correct value for the critical magnitude of the external eld pulse required for magnetization reversal for each applied eld direction.
For each rise time t r and applied eld direction, as decreases < 1, the critical eld magnitude required for magnetization reversal decreases. As ! 0, a limiting value for the critical switching eld is reached. In the next section, analytic methods are used to determine that limiting value, the zero-damping critical switching eld. The precession trajectory of constant energy is that portion of the intersection of this parabola with the sphere jmj = 1 which includes the point m =ẑ. The intersection can take the form of two closed curves, each surrounding one Stoner-Wohlfarth equilibrium, or a single closed curve, similar to the stitches on a baseball, which surrounds both Stoner-Wohlfarth equilibria. Of course, when the applied eld is large enough that there is only one Stoner-Wohlfarth equilibrium, the intersection is a single closed curve which surrounds that equilibrium. For any small, positive value of , the magnetization trajectory will depart the constant energy trajectory and spiral toward a Stoner-Wohlfarth equilibrium surrounded by the constant energy trajectory. Assume a small positive value for and a value for H large enough that it does not in uence the nal value of m. When there is only one equilibrium surrounded by the constant energy trajectory, there is no uncertainty about the nal magnetization value. However, when both equilibria are surrounded by the constant energy trajectory, the spiraling magnetization trajectory could lead to either one, depending on the precise value of . Thus, magnetization reversal is possible whenever the constant energy trajectory surrounds both Stoner-Wohlfarth equilibria.
If the constant energy trajectory surrounds both Stoner-Wohlfarth equilibria, it must also surround the saddle point in the energy surface which separates them. One surprising conclusion to be drawn from Fig. 1 is that magnetization reversal may be caused by an external eld pulses of appropriate magnitude applied on the same side of the hard plane as the initial magnetization, provided the eld is applied at an angle greater than tan ?1 3 p 3 from the easy axis.
V. Non-Parametric Expression
Given an applied eld (h y ; h z ), it is not easy to use (16) and (17) to determine if the switching eld is exceeded because they are in terms of the unknown parameter . A non-parametric expression for the zero-damping switching eld is desirable. Consider the squared magnitude of (7). This quantity is non-negative, and equals zero only at stationary points of the motion of m. Substitution of the constraints jmj = 1 and the constant energy trajectory (9) yields an expression, The zero-damping switching elds are those values of (h y ; h z ) for which the constant energy trajectory intersects a saddle point. That is, the constant energy trajectory contains a point at which (18) must equal zero. This point is clearly a minimum of (18), which is easily computed. An equation for the zero-damping switching eld is the equation which sets the minimum value of (18) 
for ?1 < h z < 1=8.
VI. Conclusions
Analytic methods have con rmed the nding of previous numerical studies that coherent magnetization reversal can be predicted by the LLG equation for applied eld pulses with magnitude below the Stoner-Wohlfarth limit. The necessary conditions are short rise time of the applied eld pulse, and su ciently small damping parameter that the rate of energy increase due to the applied eld outpaces the rate of energy dissipation due to the LLG damping term. Both parametric and non-parametric expressions for the switching eld in the limit of zero rise time and zero damping have been derived. These analytical solutions have utility as test cases for the veri cation of numerical solvers.
